The architectural transcription factor SRY (sex-determining region of the Y chromosome) plays a key role in sex determination as indicated by the fact that mutations in SRY are responsible for XY gonadal dysgenesis in humans. Although many SRY mutations reduce DNA-binding͞bending activity, it is not clear how SRY mutations that do not affect interaction with DNA contribute to disease. The SRY high-mobility group domain harbors two nuclear localization signals (NLSs), and here we examine SRY from four XY females with missense mutations in these signals. In all cases, mutant SRY protein is partly localized to the cytoplasm, whereas wild-type SRY is strictly nuclear. Each NLS can independently direct nuclear transport of a carrier protein in vitro and in vivo, with mutations in either affecting the rate and extent of nuclear accumulation. The N-terminal NLS function is independent of the conventional NLS-binding importins (IMPs) and requires unidentified cytoplasmic transport factors, whereas the C-terminal NLS is recognized by IMP␤. The SRY-R133W mutant shows reduced IMP␤ binding as a direct consequence of the sex-reversing C-terminal NLS mutation. Of the N-terminal NLS mutants examined, SRY-R62G unexpectedly shows a marked reduction in IMP␤ binding, whereas SRY-R75N and SRY-R76P show normal IMP␤ binding, suggesting defects in the IMP-independent pathway. We conclude that SRY normally requires the two distinct NLS-dependent nuclear import pathways to reach sufficient levels in the nucleus for sex determination. This study documents cases of human disease being explained, at a molecular level, by the impaired ability of a protein to accumulate in the nucleus.
M
ammalian sex is determined by a dominant gene on the Y chromosome known as SRY (sex-determining region of the Y chromosome) (1) . In XY humans, mutations in SRY cause male-to-female sex reversal (2) . These ''XY female'' patients have complete gonadal dysgenesis, which results in female genitalia with no testis differentiation (3) . In the presence of Sry, the supporting cells of the indifferent gonad become testicular Sertoli cells; without Sry, the supporting cells become ovarian follicular cells (4) .
SRY contains a conserved 80-aa DNA-binding domain, the high-mobility group (HMG) box. The majority of human SRY mutations reside in the HMG box, highlighting its importance for proper SRY function during testis formation. No in vivo targets for SRY have been defined to date, and thus the mechanism by which SRY initiates testis differentiation remains to be elucidated. Both weak repression and weak activation by human SRY have been reported in model transactivation assays in cultured cells (5) (6) (7) (8) . Many sex-reversing SRY mutations affect DNAbinding͞bending activities of the mutant SRY proteins in vitro. However, in several cases, it is not clear how the sequence alteration in XY females contributes to disease. For example, SRY-F109S, SRY-M64T, SRY-M67V, SRY-S18N, and SRYtype HMG box (SOX)9-A20V mutations do not affect DNAbinding͞bending activities (9, 10, 12, † †).
How SRY is transported into the nucleus is only partly defined. SRY contains two distinct nuclear localization signals (NLSs) at either end of the HMG box (Fig. 1a) . Either NLS is sufficient to target the large heterologous protein ␤-galactosidase (␤-gal) to the nucleus (13) . Although the C-terminal NLS (cNLS) is recognized by the nuclear import receptor protein importin (IMP)␤1 (14) , little is known regarding the nuclear import pathway mediated by the N-terminal NLS (nNLS); this NLS is not recognized by IMP␣ or -␤ (14) . Both NLSs are highly conserved in SRY among mammals (Fig. 1a) and are believed to be required for complete nuclear localization (13, 15) .
It has been hypothesized that 46,XY gonadal dysgenesis in patients carrying mutations causing the amino acid substitutions within either of the NLSs of SRY could arise through reduced efficiency of the mutant proteins to localize in the nucleus, thereby reducing their nuclear role in DNA binding. The present study tests this theory by elucidating the underlying biochemical defects in four such patients (16, 17) and documents cases of human disease being explained, in molecular terms, by the impaired ability of a protein to accumulate in the nucleus. This finding is thus in contrast to diseases involving atrophin-1 and Huntingtin in neurodegenerative disorders that derive from increased protein nuclear accumulation (18) .
Materials and Methods
Patient Reports. All four patients have 46,XY gonadal dysgenesis and a nucleotide transversion changing a single amino acid. R62G (16) had streak gonads, gonadoblastoma, a de novo mutation. R75N (17) had streak gonads, no tumors, and a normal brother suggesting a de novo mutation. For R76P (19) , no further clinical details are known. Two unrelated families (sporadic cases) carrying the R133W mutation have been described. In one family, the father was not studied, and the affected had streak gonads (lacking ovarian tissue) and bilateral gonadoblastoma (16) . In the second, a de novo mutation, streak gonads, was reported (20) .
Plasmid Construction. For expression of full-length SRY, a forward primer including a Kozak consensus sequence, a FLAG epitope, and reverse primer amplified a PCR fragment cloned into pcDNA3. For expression of SRY HMG domains, pT7-7 SRY HMG plasmid was used (21) . Mutations in expression plasmids were introduced by using GeneEditor (Promega) and confirmed by DNA sequencing.
Preparation of SRY HMG Domains. Wild-type and mutant SRY HMG domains were expressed in Escherichia coli strain BL21 (DE3) (10) and purified by FPLC as described (22) .
Cell Culture. COS-7 and hepatoma tissue culture (HTC) cells were cultured as described (23) .
Transient Cell Transfections. Lipofectamine-DNA complexes were formed and incubated with COS-7 cells according to manufacturer instructions (GIBCO͞BRL).
Immunocytochemistry. Immunocytochemistry with a mouse anti-FLAG antibody was carried out essentially as described (22) . Cells were imaged by confocal laser scanning microscopy (CLSM, Bio-Rad MRC-500), and image analysis was performed by using NIH IMAGE 1.60 public-domain software (24) .
Preparation of SRY NLS-␤-Gal Proteins and GST-IMPs. Oligonucleotides encoding the nNLSs and cNLSs of SRY were annealed and ligated into SmaI-digested ␤-gal fusion protein expression vector pPR2. Fusion protein was induced with 1 mM isopropyl ␤-Dthiogalactoside, and protein was purified by affinity chromatography and labeled with 5-iodoacetamidofluorescein as described (23) . Mouse IMP␣-GST and IMP␤-GST were expressed as described (24) . Their functionality in terms of mediating nuclear import has been demonstrated (25, 26) .
Nuclear-Transport Assays. Analysis of nuclear import kinetics at the single-cell level by using mechanically perforated (in vitro) or microinjected (in vivo) HTC cells, in conjunction with CLSM, was as described (23) . NLS-dependent nuclear protein import can be reconstituted in the former system through the addition of exogenous cytosolic extract and an ATP-regenerating system (23, 24) . Image analysis and curve fitting were as described (23, 24) .
ELISA. An ELISA-based binding assay was used to examine the binding affinities of IMP␣ and ␤-GST fusion proteins and the SRY NLS-containing peptides (nNLS, qdrvKRpmnafivwsRdqRRKmagc; cNLS, hReKypnyKyRpRRKaKmlgc) or HMG domains, or mutant derivatives thereof, as described (23, 24) . The simian virus 40 large-tumor antigen NLS peptide (largetumor antigen amino acids 111-132 cgpgsddeaaanaqhaapPKKKRKVgy) was used as a control.
Electrophoretic Mobility-Shift Assays (EMSAs). The oligonucleotide used containing the SRY consensus-binding site (underlined) comprised the upper strand sequence GGG TTA ACG TAA ACA ATA AAT CTG GTA GA. Complementary oligonucleotides were annealed and end-filled by using superscript reverse transcriptase in the presence of [␣-32 P]dCTP. EMSAs were performed as described by using either 35 S-labeled in vitrotranslated full-length SRY or recombinant HMG domains (10) . For competition experiments, 4 ng of SRY HMG box was incubated with varying amounts of either IMP␣ and͞or IMP␤ before the addition of 20 fmol of SRY DNA consensus probe. Circular Permutation Assays. Circularly permutated probes bearing the SRY-binding site were isolated and labeled as described (10) . Probes (4-16 fmol) were mixed with crude E. coli extract containing SRY wild type (SRYwt), SRYR62G, or SRYR133W HMG domains in binding buffer (27) . Products were resolved by electrophoresis, and bend parameters were determined as described (28) .
Results
Nuclear Accumulation of Wild-Type and Mutant SRY. Four patients with XY gonadal dysgenesis carry SRY mutations in either one of the SRY NLSs (Fig. 1a) . To assess their effect on SRY nuclear Immunostaining of wild-type and mutant SRY proteins. COS-7 cells were transiently transfected with plasmids encoding wild-type or mutant FLAG epitope-tagged SRY. Mutant proteins identified in XY gonadal dysgenesis patients demonstrated partly cytoplasmic staining, whereas wild-type SRY showed strictly nuclear staining. Images were derived by using CLSM at ϫ60 magnification 2 days posttransfection. (c) Extent of nuclear accumulation of SRY mutants over a 3-day period. CLSM images were analyzed to determine the Fn͞c. Results (mean Ϯ SEM, for n Ͼ 22) relative to SRYwt (Fn͞c of 15) are shown for SRYR62G, SRYR133W, and SRYR62G͞R133W compared with SRYwt in one series (Left) and R75N and R76P to SRYwt in another (Right). Significant differences between wild type and mutants are indicated by * (P Ͻ 0.05), ** (P Ͻ 0.01), and *** (P Ͻ 0.001).
import, plasmids encoding the full-length SRY and mutants were transiently expressed in COS-7 cells (Fig. 1b) . Subcellular localization of SRY protein was determined 1-3 days after transfection by using CLSM and quantitated by using image analysis (Fig. 1c) . Whereas wild-type SRY efficiently accumulated in the nucleus, all four mutants showed significant cytoplasmic staining after 2 days. A drastic reduction in nuclear accumulation was observed after 1 day for R62G, R75N, and the engineered mutant R62G͞R133W with a mutation in both NLSs. Both R76P and R133W mutants showed milder defects with nuclear accumulation almost that of wild-type SRY by 3 days.
Nuclear Import Properties of SRY NLSs. Next we measured the individual nuclear-localizing ability of each SRY NLS. Recombinant proteins containing the SRY nNLS or cNLS fused to ␤-gal (SRY-nNLS-␤-gal and SRY-cNLS-␤-GAL) were affinitypurified, fluorescently labeled, and tested for their nuclear import ability either in vitro or in vivo by using established assays (24, 29) . The maximal nuclear͞cytoplasmic ratio (Fn͞c) was Ϸ2 for both nNLS-␤-gal and cNLS-␤-gal, with half-maximal accumulation being achieved at Ϸ12.0 and 10.5 min, respectively, in vitro in the presence of cytosol ( Fig. 2 a and b ) and Ϸ1.2 and 1.7 min, respectively, in vivo (Fig. 2c) . The SRY mutation-carrying R62G nNLS-␤-gal and R133W cNLS-␤-gal proteins, in contrast, were completely excluded from the nucleus (Fn͞c Ͻ 0.3) either in the absence or presence of exogenous cytosol, indicating that the mutations abolished NLS function. Thus, each NLS of SRY can function independently, with NLS mutations directly reducing nuclear accumulation.
Conventional NLS-mediated nuclear protein import depends on cytosolic factors including IMPs and the monomeric GTPbinding protein Ran. To investigate whether the NLSs of SRY show this dependence, the nuclear import of nNLS-␤-gal and cNLS-␤-gal was assessed in vitro in the presence or absence of exogenously added cytosol. In the absence of cytosol, nuclear accumulation of nNLS-␤-gal was prevented (Fig. 2a) , whereas cNLS-␤-gal still showed good accumulation (Fig. 2b) . Although nuclear import mediated by the cNLS thus seems to be independent of cytosolic factors, it should be noted that residual IMP␤ bound to the nuclear envelope can mediate nuclear import of proteins such as insulin-like growth factor binding protein 3 (IGFBP-3) in this assay system (30) .
Recognition by IMPs. To characterize SRY nuclear import further, we tested whether SRY NLS peptides and HMG domain are recognized by IMP␣, IMP␤, or the IMP␣͞␤ heterodimer using an ELISA-based assay (Table 1) . Both NLS peptides were recognized poorly by IMP␣; in contrast, the cNLS peptide was recognized by IMP␤ with a high affinity (K d ϭ 8 nM) similar to that of IMP␣͞␤ (K d ϭ 5 nM), suggesting that SRY is recognized by IMP␤ at a site distinct from that involved in interaction with IMP␣. The nNLS peptide showed negligible binding by either IMP␤ (K d ϭ 140 nM) or IMP␣͞␤ (K d ϭ 95 nM). Thus, the SRY nNLS does not seem to be recognized by IMPs, whereas the SRY cNLS is recognized by IMP␤ rather than the conventional NLS-recognizing IMP␣ subunit.
The SRY HMG domain is recognized with higher affinity by IMP␤ (K d ϭ 3.1 nM) than is the cNLS peptide alone (K d ϭ 8 nM), suggesting that regions outside the cNLS influence binding. Similar to the cNLS, the HMG domain was recognized poorly by IMP␣ (K d ϭ 112 nM), although IMP␤ recognition was slightly increased in the presence of IMP␣ (K d ϭ 2.4 nM). Thus, SRY joins a less common but growing list of arginine-rich NLScontaining proteins recognized by IMP␤ rather than IMP␣ (14, 22, 29, (31) (32) (33) that include the Rev (RqaRRnRRRRwR) from HIV type 1 (32, 34), the Rex protein of human T cell leukemia virus type 1 (mpKtRRRpRRsqRKRppt) (33) , and the AP-1 family transcription factor CREB (26) .
The cNLS peptide carrying the R133W mutation showed reduced IMP␤ binding affinity (K d ϭ 12 nM) when compared with the wild-type cNLS peptide (K d ϭ 8 nM) . Similarly, SRY HMG domain carrying the R133W substitution showed a reduction in IMP␤ binding (K d ϭ 5.2 nM) when compared with wild-type HMG domain (K d ϭ 3.1 nM), which suggests that the R133W mutation reduces IMP␤ binding by directly affecting the ability of the cNLS to be recognized by IMP␤. SRY HMG domain carrying the nNLS substitution R62G showed a large reduction (5-fold) in IMP␤ binding (K d ϭ 16 nM) as well as reduced maximal binding (2-fold), which was unexpected given that the wild-type nNLS peptide was poorly recognized by IMP␤ and thus suggests indirect effects possibly arising from the close proximity of the NLSs in solution (see Fig. 3c Top).
DNA-Binding and -Bending Activity of Mutant SRYs.
To establish whether import-defective SRY mutants also show altered DNAbinding͞bending properties, the mutant SRY proteins were incubated with double-stranded oligonucleotides bearing the high-affinity DNA-binding site (TAAACAATAA) and complexes analyzed by EMSA. R62G and R133W mutant SRY proteins were stably translated and expressed at comparable levels to wild-type SRY (Fig. 3a Upper), which formed detectable complexes with DNA as did the R133W mutant, which bound with near wild-type affinity (Fig. 3a Lower; ref. 35) . In contrast, the R62G mutant failed to form detectable complexes with DNA (Fig. 3) even at up to 25-fold (0.25 M) higher concentrations (Fig. 3b) . NMR studies indicate that R62 forms hydrophobic contacts and a salt bridge with the sugar-phosphate backbone of the DNA (Fig. 3c , second from the top; ref. 36); the R62G mutation is presumed to disrupt these contacts. Comparable studies with the other SRY mutants indicated that R75N failed to form detectable complexes with the DNA probe, whereas R76P showed wild-type DNA-binding activity (12) . Consistent with this, the NMR data indicate that R75 interacts with the DNA backbone at one end of the DNA-binding site (Fig. 3c , second from the bottom), and R76 makes no contact with the DNA or polypeptide chain (Fig. 3c Bottom) . We also determined the bend angles induced after binding of the SRY HMG domains to the DNA site AACAAT by using a circular permutation assay to be 64°for wild type and R133W but 44°for the R62G mutant (Fig. 3b) . In summary, of four import-defective mutants, DNA recognition is intact in R76P and R133W, whereas DNA recognition is altered in R62G and R75N. Thus, the only detectable change in SRY function effected by the R76P and R133W mutations is impaired nuclear accumulation ability.
Because the NLSs were implicated with roles in both nuclear localization and DNA binding, the preformed wild-type SRY-DNA complex was incubated with increasing amounts of IMP␣͞␤ to test whether competition or ternary complex formation occurs. EMSA analysis showed that SRY HMG domain-DNA complex formation is effectively inhibited by substoichiometric amounts of IMP␣͞␤ (Fig. 3d) . Thus DNA-and IMPbinding activities of SRY are mutually exclusive but possibly linked events, similar to observations for the yeast transcriptional activator GAL4 (37).
Discussion
Altered in vitro DNA binding and bending of SRY from XY females imply that the activities of SRY in sex determination relate to its ability to interact with specific DNA sequences and thereby modulate transcription (38, 39) . However, in cases where DNA recognition and bending by SRY is not affected by sex-reversing mutations, it is reasonable to postulate that some other essential function of SRY that contributes to its transcriptional modulatory role has been altered. On the basis of the similarity of the nNLS and cNLS sequences to known NLSs, we predicted that mutations in these sequences may affect nuclear import. Sudbeck and Scherer (13) fused the first 154 aa of SRY, which includes the nNLS, to ␤-gal and showed that the SRY-R62G mutant localized qualitatively to the nucleus in transfected COS-7 cells using fluorescence microscopy. The quantitative CLSM analysis here shows that the SRYR62G mutation does affect nuclear localization quite markedly. In addition, we demonstrate that SRY from three other XY females also shows reduced nuclear localization. Wild-type SRY, although only 26 kDa, shows exclusive nuclear staining, supporting signalmediated rather than diffusional import mechanisms. Even when both NLSs are mutated at arginine residues, some nuclear localization still occurs, indicating that these NLSs are still active but at a reduced efficiency (data not shown). Thus, both intact NLSs seem to be necessary to ensure complete nuclear localization, a process central to the sex-determination function of SRY (refs. 13 and 15; see also below).
Both the SRY nNLS and cNLS sequences were functional in targeting ␤-gal to the nucleus in vivo and in vitro when compared with a large-tumor antigen-NLS-␤-gal protein (24) . Nuclear accumulation of the SRY nNLS-␤-gal protein occurred in the presence of exogenous cytosol and was inhibited in the absence of cytosol, indicating that cytosolic factors are required for nuclear import mediated by the SRY nNLS. For SRY cNLS, nuclear uptake occurred in the absence of cytosol. Because the cNLS is known to mediate nuclear import through the action of IMP␤, the observed lack of a requirement for cytosol is attrib- 
IMP binding parameters were determined as described in Materials and Methods. Results for the apparent dissociation constant Kd and maximal level of binding represent the means Ϯ SEM (n in parentheses). Maximal binding of the peptide is expressed relative to that of IMP␣͞␤ to the wild-type cNLS, whereas that of SRY HMG is expressed relative to IMP␣͞␤ binding to wild-type SRY HMG. Significant differences between respective wild type and mutant are indicated by * (P Ͻ 0.05) and ** (P Ͻ 0.01).
utable to residual IMP␤ bound to the nuclear envelope, which has been shown for a GFP-SRY HMG box (14) as well as the IMP␤-mediated nuclear import substrate IGFBP-3 (30) .
The SRY nNLS is functional but not recognized by IMPs, implying that SRY utilizes a novel pathway. Both R75N and R76P nNLS mutants bind IMP␤ normally, suggesting that the observed nuclear accumulation defects are attributable to this novel pathway (Fig. 4) . A Ran-independent nuclear import pathway that depends on calmodulin has been reported (40) , and intriguingly in this context, SRY has been shown to bind to calmodulin in a Ca 2ϩ -dependent manner in vitro via its nNLS (41) . Significantly, the basic helix-loop-helix and basic ZIP transcription factors (42) and p21Cip1 (43) also bind to calmodulin in vivo, and calmodulin antagonists decrease their nuclear accumulation. Clearly, these observations raise the possibility that the function of the nNLS may be regulated by calmodulin.
Consistent with the idea that DNA and IMP␤ binding are linked inextricably, specific binding of SRY to DNA was shown to be blocked by IMP␤ here (see also ref. 14) . In terms of nuclear architecture, the promoters of active genes are known to be in close proximity to the nuclear pores such that DNA in active chromatin may play an important role in effecting release of IMP␤ from SRY after transport through the nuclear pore. Analogous to GAL4 (37), DNA binding and IMP␤ binding by SRY seem to be mutually exclusive events (14) , indicating that the NLSs of SRY may be regulated in part by DNA binding. Because the promoters of active genes are close to nuclear pore complexes in terms of nuclear architecture (11), it seems possible that after transport through the nuclear pore, DNA binding in conjunction with RanGTP may effect release of IMP␤ from SRY as has been hypothesized for GAL4 (37) .
SRY is expressed in the primordial Sertoli cells in the developing genital ridge at week 7 of gestation. Although there is no appropriate cell-culture system currently available to test our observations directly, we think that the behavior of SRY characterized in the molecular and cellular systems used here are likely to represent SRY behavior in primordial Sertoli cells. The molecular consequences of the XY sex-reversal mutations analyzed here are summarized in Fig. 4 and Table 2 , indicating the central importance of the nNLS-and cNLS-mediated nuclear import pathways. The results here represent the characterization of naturally occurring clinical mutations in NLSs that impair Circularly permuted probes (a to g) were labeled with 32 P and incubated with Ϸ100 ng of R62G and 4 ng of R133W and wild-type HMG domains. Bend angles were estimated as described (27) . (c Top). The HMG box of SRY is an 80-aa DNA-binding domain, comprising three ␣-helices (numbered in red) that form an L conformation. Note that the DNA (green) is severely bent and unwound after binding (35) . The nNLS is formed by the extended chain at the N-terminal end of the HMG box and part of helix 1 and is predicted to be in close proximity to the cNLS. The lower three panels show close-up views of arginine side chains R62, R75, and R76 (in light blue) substituted in cases of XY sex reversal. Although R62 and R75 contact DNA, R76 does not. 2-7) . Protein-DNA complexes (arrow) were resolved from free DNA on nondenaturing 6% polyacrylamide Tris͞borate͞EDTA gels.
Fig. 4.
A model for nuclear import of SRY from normal males and XY females. The distinct NLSs of SRY use different import pathways. The cNLS of SRY is recognized by IMP␤, which docks the transport complex at the nuclear pore complex (NPC) followed by translocation through it. After nuclear entry of the complex, RanGTP binds to IMP␤ to trigger release of SRY; DNA binding by SRY may also facilitate the release process. The SRY nNLS can mediate nuclear import through a novel pathway not utilizing conventional nuclear import factors such as IMPs but an unidentified transport factor, TF, possibly calcium-calmodulin. In the XY females carrying the R75N and R76P mutations, the nNLS-dependent nuclear import pathway is probably nonfunctional, but the cNLS pathway is most likely active because both mutants bind IMP␤ normally. In the XY female carrying the cNLS mutation, R133W, SRY binds IMP␤ with reduced affinity due to the direct effect of the mutation; the nNLS pathway is probably functional. In the XY female carrying the R62G nNLS mutation, reduced IMP␤ binding may imply that both pathways are impaired, with the residual R62G protein that is translocated to the nucleus unable to bind DNA efficiently (similar to the R75N mutation), or bend DNA to the correct angle to establish the correct architecture in the chromatin.
nuclear import by reducing IMP recognition. In analogous fashion to the mutations here, nuclear-transport defects could explain the deleterious effects of many other SRY͞SOX mutations, in particular mutations that show normal DNA recognition (9, 12, † †). That this class of mutation almost certainly will include mutations that map outside the cNLS and nNLS sequences is supported by our observation that the SRY HMG box binds IMP␤ better than the cNLS alone binds IMP␤, indicating that regions outside the cNLS influence binding, and the nNLS SRY mutation R62G significantly reduces IMP␤ binding. In addition, the SOX9 mutation A158T, which lies outside the NLSs, isolated from an XY female patient with campomelic dysplasia, causes a significant reduction in nuclear import of SOX9 (22) .
In the case of the R62G mutant, sex reversal is attributable in part to insufficient import of the SRY protein into the nucleus of primordial Sertoli cells at the time of testis determination. The nNLS of SRY utilizes an IMP-independent pathway; the fact that the R62G substitution in the nNLS also affects IMP␤ binding to the cNLS suggests that this mutation, which also affects DNA binding and bending, has dramatic effects on SRY structure such that the reduced amount of protein that is imported into the nucleus cannot bind and bend DNA. In contrast, the R76P and R133W mutations do not significantly impair DNA binding͞bending, and in the case of R133W, IMP␤ recognition is specifically affected, implying a critical role for Arg-133 in IMP␤ binding. The sex-reversed phenotype resulting from the R76P and R133W mutations thus would seem to be the direct result of reduced levels of SRY protein in the nucleus, which supports a threshold activity of SRY in the nucleus and the notion that XY sex reversal can occur if this threshold is not reached. It should be noted that these experiments do not rule out the possibility that unidentified SRY activities may also be defective in R76P and R133W. Indeed, compound defects affecting protein structure, nuclear import, and transcriptional activation occur in SOX9 from campomelic dysplasia patients (22) .
We thank Anthea Chai and Helena Sim for technical assistance. 
